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Disruption of CD40±CD40 Ligand Interactions
Results in an Enhanced Susceptibility to
Leishmania amazonensis Infection
Lynn Soong,* Jian-Chao Xu,² Iqbal S. Grewal,² the regulation of immune responses against intracellular
pathogens remain unknown. Recently, we have gener-Peter Kima,* Jiaren Sun,²
B. Jack Longley, Jr.,³ Nancy H. Ruddle,* ated mice with a targeted mutation of the CD40L (Xu et
al., 1994) and have now used these mice to investigateDiane McMahon-Pratt,* and Richard A. Flavell²
*Department of Epidemiology and Public Health the role of CD40±CD40L interactions in the immune con-
trol of infection by an intracellular parasite.²Section of Immunobiology
³Department of Dermatology Leishmania are obligate intracellular protozoans that
colonize the MF system of their vertebrate host, causingYale University School of Medicine
New Haven, Connecticut 06520-8011 a variety of human diseases collectively known as leish-
maniasis (Berman, 1988). Most of our current under-
standing of the circumstances that lead to different out-
comes of leishmaniasis has come from studiesof murineSummary
L. major infection. The resolution and progression of
the disease are modulated by preferential activation/To study the role of CD40 ligand (CD40L) in the host
expansion of subsets of either Th1 or Th2 cells, respec-immune responses against intracellular pathogens,
tively (Heinzel et al., 1989; Locksley and Scott, 1991).we infected CD40L knockout (CD40L2/2) mice with
The cytokine profile and differences in the function ofLeishmania amazonensis. Although wild-type mice
APCs have been shown to influence the differentiationwere susceptible to infection and developed progres-
and function of CD41 T cells, and therefore the outcomesive ulcerative lesions, tissue parasite burdens in
of the disease (Afonso et al., 1994; Chatelain et al., 1992;CD40L2/2 mice were significantly higher. This height-
Moll et al., 1995). The genus Leishmania, however, in-ened susceptibility to infection was associated with
cludes many species with different clinical manifesta-an impaired T cell and macrophage activation and
tions (Berman, 1988). For instance, unlike L. major,altered inflammatory response, as reflected by low
where certain strains of mice are resistant to infection,levels of IFNg, lymphotoxin±tumor necrosis factor (LT±
most inbred strains of mice examined are susceptibleTNF), and nitric oxide (NO) production. Furthermore,
to L. amazonensis infection, exhibiting varied patternsCD40L2/2 mice failed to generate a protective immune
of primary and metastatic lesions (Barral et al., 1983;response after immunization. These results indicate
Calabrese and da Costa, 1992). The mechanism(s) un-an essential role of cognate CD40±CD40L interactions
derlying this generalized susceptibility to L. amazo-in the generationof cellular immune responsesagainst
nensis infection, however, remains poorly understoodan intracellular parasite.
(Afonso and Scott, 1993). The aim of this study was to
assess the role of CD40L in the generation of the hostIntroduction
immune response against L. amazonensis infection. Our
results demonstrate that in comparison to wild-typeCognate signaling between helper T cells and B cells
mice, CD40L2/2 mice are more susceptible to L. amazo-involves a series of sequential instructions that are com-
nensis infection, and that this enhanced susceptibilitymunicated through specific ligand±receptor pairs. Acti-
correlates with impaired inflammatory responses andvated CD41 T cells express CD40L (gp39), which en-
reduced production of interferon-g (IFNg), lymphotoxin±gages CD40 on resting B cells and accounts for most
tumor necrosis factor (LT±TNF), and nitric oxide (NO).cell contact±dependent T cell help for small B cells
Furthermore, CD40L2/2 mice failed to generate a protec-(Banchereau et al., 1994; Hollenbaugh et al., 1994). The
tive immune response after immunization. Together, thiscritical role of this T±B interaction is underscored by the
study demonstrates a requirement for cognate CD40±defect revealed in patients with hyper-immunoglobulin
CD40L interactions in the generation of cellular immuneM (IgM) syndrome and some types of common variable
responses against intracellular parasites.immunodeficiency, both of which are characterized by
low or absent serum IgG, IgA, and IgE, as well as the
occurrence of opportunistic infections and neoplasms Results
(Farrington et al., 1994; Laman et al., 1994). In addition
to the major effect of the CD40±CD40L system already CD40L2/2 Mice Are More Susceptible
to L. amazonensis Infectiondemonstrated on humoral immunity, evidence indicates
that the CD40±CD40L pathway is pleiotropic with potent Wild-type and CD40L2/2 mice were infected with 2 3
106 promastigotes of L. amazonensis in the hind foot,biological activities on CD41 T cells and antigen-pres-
enting cells (APCs), such as macrophages (MFs) and and lesion development was monitored for 11±12
weeks. As shown in Figure 1, wild-type mice developeddendritic cells (Cayabyab et al., 1994; Grewalet al., 1995;
Stout et al., 1996; Tian et al., 1995). An increased suscep- large lesions that progressed until surface ulceration,
which was initially evident at 9 weeks postinfection andtibility of patients with hyper-IgM immunodeficiency to
opportunistic agents such as Pneumocystis indicates a was present in all mice (n 5 9) by 11weeks postinfection.
In contrast, CD40L2/2 mice developed lesions that werepartially altered repertoire of T cell responses (Bancher-
eau et al., 1994). However, the roles of direct T cell±APC slightly smaller in size at early stages of the infection,
but progressed without sign of ulceration until sacrifice.interactions, in particular, CD40±CD40L interactions in
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that from the wild-type mice at 12 weeks postinfection
(Table 1). The recovery of parasites in the spleens from
3 of 4 CD40L2/2 mice at 12 weeks postinfection (2.2 6
1.2 parasites/105 nucleated cells) suggested a dissemi-
nation of parasites to other tissues in the knockout mice.
Increased Parasite Burden in CD40L2/2 Mice
Is Associated with an Impaired
Inflammatory Response
To understand the mechanism of enhanced parasite
growth in CD40L2/2 mice, we examined cellular re-
sponses at the site of inoculation. Sagital sections
stained with hematoxylin and eosin indicated a compa-
rable extent of cellular infiltration in lesions from both
types of mice at 1 week postinfection. However, immu-
nohistochemical analysis revealed a reduction in the
percentage of B2201 B cells in lesions from CD40L2/2Figure 1. The Course of L. amazonensis Infection in Wild-Type and
mice, when compared with that in the wild-type miceCD40L2/2 Mice
(6.1 6 1.1 versus 10.5 6 3.1). There was no significantMice (8 per group) were infected with 2 3 106 late-log phase para-
reduction in the percentage of CD31 T cells in lesionssites subcutaneously into the right hind footpad. The course of
infection was monitored by measuring footpad swelling, which is from CD40L2/2 mice (9.4 6 4.3 versus 12.7 6 2.5). At 4
expressed as a ratio of the infectedright foot to that of the uninfected weeks postinfection, comparable levels of CD31 T and
left foot. The mean 6 SEM are shown from one of three similar B2201 B cells were observed in lesions from both types
experiments. Asterisk, indicates lesions with surface ulceration. of mice; however, there was an organized distribution
of positively stained T and B cells in lesions from wild-
type mice, but a diffuse distribution of these cells in
A similar pattern of lesion development was observed lesions from CD40L2/2 mice (data not shown). These
when mice were infected with 1 3 105 parasites (data observations suggest an organized granuloma forma-
not shown). Tissue parasite burden analyses indicated tion in lesions from wild-type mice but a lack of similar
that, compared with wild-type mice at 11 weeks postin- response in tissues from CD40L2/2 mice. Although para-
fection, CD40L2/2 displayed a 59-fold increase in the sitized MFs were present in lesions from both types of
number of parasites at the site of infection (Table 1). In animals, MFs in the lesions of wild-type mice showed
wild-type mice, parasite burden in the popliteal lymph a tendency toward epithelioid differentiation and con-
node (LN) draining the site of infection reached a plateau tained smaller numbers of parasites per cell (Figure 2a),
at 4 weeks postinfection and decreased at 11 weeks whereas MFs in CD40L2/2 mice tended to have thin
postinfection. By 12 weeks postinfection, no parasites barely visible cytoplasms and larger parasitophorous
were recovered in the spleen from wild-type mice (n 5 vacuoles containing numerous parasites (Figure 2b).
4) nor from the LN from2 of 4 mice examined. In contrast, Most strikingly, lesions from wild-type mice (n 5 7) at 12
the parasite burden in the LN from CD40L2/2 mice pro- weeks postinfection showed ulceration and extensive
gressively increased with time. In a separate experiment, necrosis centrally (Figure 2c), with a mixture of well-
the LN from CD40L2/2 mice displayed an 1.1 3 105-fold differentiated MFs containing some poorly staining par-
asites, scattered polymorphonuclear leukocytes, andincrease in the number of parasites when compared with
Table 1. Increased Tissue Parasite Burdens in CD40L2/2 Mice during the Infection
Tissues Mice Weeks Parasite burdensa Fold increase
Foot 1/1 4 2.447 3 104
2/2 4 1.328 3 105 5.4
1/1 8 1.954 3 104
2/2 8 5.358 3 105 27.4
1/1 11 1.685 3 106
2/2 11 9.899 3 107 58.8
LN 1/1 4 1.384 3 102
2/2 4 1.601 3 103 11.6
1/1 11 6.500
2/2 11 6.696 3 103 1030.2
1/1 12 6.645
2/2 12 7.301 3 105 110606.1b
Wild-type (1/1) and CD40L2/2 mice were infected with L. amazonensis promastigotes in the hind foot. At the indicated weeks postinfection
2 mice from each group were sacrificed. Tissues were collected and assessed for the parasites using a limiting dilution assay.
a Parasite burdens are expressed as numbers of parasites per gram of foot tissue or per 105 nucleated draining LN cells, and as mean from
2 mice.
b Shown is the result from a separate experiment.
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Figure 2. Histopathology of Infected Tissues from Wild-Type and CD40L2/2 Mice during Infection with L. amazonensis
Sections of foot or draining LN were prepared at indicated weeks after infection and stained with hematoxylin and eosin. (a) Foot section
from wild-type mice at 4 weeks postinfection shows infected MFs (arrows). Original magnification, 2003.
(b) Foot section from CD40L2/2 mice at 4 weeks postinfection shows heavily infected MFs (arrow). Original magnification, 2003.
(c) Demonstrates surface ulceration (arrow) and extensive necrosis in foot from wild-type mice at 12 weeks postinfection. Original magnification,
53.
(d) Neither ulceration nor necrosis were observed in infected foot from CD40L2/2 mice at 12 weeks postinfection (as compared with [c]).
Original magnification, 53.
(e) LN from wild-type mice at 12 weeks postinfection occasionally showed limited organisms in a multinucleated giant cell (arrow), and plasma
cells (small arrow). Original magnification, 2003.
(f) LN from CD40L2/2 mice at 12 weeks postinfection shows heavily infected MFs (arrow), and surrounding lymphocytes with barely visible
cytoplasm. Original magnification, 2003.
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foci of plasma cells around the edges of the necrotic
areas. In contrast, tissues from CD40L2/2 mice (n 5 7)
showed no sign of necrosis or ulceration, but massive
diffuse infiltrates composed predominantly of parasit-
ized MFs with scattered collections of polymorphonu-
clear leukocytes, eosinophils, and a few mononuclear
cells, including lymphocytes (Figure 2d). In the draining
LN of infected wild-type mice, parasites were only rarely
found in well-differentiated multinucleated giant cells
(Figure 2e). However, organisms were easily found in
poorly differentiated MFs in the LN from CD40L2/2 mice
at 12 weeks postinfection (Figure 2f). These pathological
observations correlate with tissue parasite burden anal-
yses (Table 1).
CD40L2/2 Mice Fail to Generate
Parasite-Specific Immune Responses
To determine whether there are impaired T and B cell
responses in CD40L2/2 mice during L. amazonensis in-
fection, we first analyzed the percentages of T and B
lymphocytes in the spleen at 0, 1, 4, and 8 weeks postin-
fection by flow cytometry. We found that there was no
major difference in terms of the percentages of T and
B cells and the ratios of CD41 to CD81 cells between
these two types of mice before and at different stages
after infection (data not shown). Although both types of
mice produced comparable levels of parasite-specific
IgM at 1 week postinfection, the CD40L2/2 mice dis-
played a 10-fold reduction in parasite-specific IgG and
no measurable levels of IgG1 and IgE, as compared
with wild-type mice at 8 weeks postinfection (data not
shown). In addition, the draining LNs from infected
CD40L2/2 mice were much smaller than those from in-
fected control mice and showed no well-developed ger- Figure 3. Draining LN Cells from L. amazonensis±Infected CD40L2/2
Mice Produce No Measurable Levels of IFNg or LT±TNFminal centers or plasmacells (Figure 2f; data not shown).
These observations are consistent with our previous Single cell suspensions (1 3 106/ml) were prepared from groups of
2±4 wild-type (closed symbols) or CD40L2/2 mice (open symbols)study of the CD40L2/2 mice (Xu et al., 1994) and further
at 8 weeks postinfection and were stimulated with indicated dosesconfirm a defect in humoral responses in Leishmania-
of promastigote lysates for 72 hr. Supernatants were harvested andinfected CD40L2/2 mice.
assayed individually for IFNg (A) or LT±TNF (B) activities using a
We then assessed whether enhanced susceptibility specific two-site ELISA or a cytotoxicity assay, respectively. Values
of CD40L2/2 mice to Leishmania infection correlates are expressed in mean 6 SD.
with an altered cellular response and a polarized pattern
of cytokine production. While LN cells from the wild-
type mice generated a proliferative response to parasite
infection. To examine in vivo expression of mRNA for
antigens at 2 weeks postinfection (stimulation index 5
IFNg, IL-4, and IL-2 during the infection, total RNA was
8.64 6 3.06), cells from infected CD40L2/2 mice showed
isolated from LNsbefore and at various times after infec-
a weaker response (stimulation index 5 2.45 6 0.70).
tion, and cytokine-specific mRNA levels were estimated
More importantly, when stimulated with parasite anti-
by quantitative RT±PCR. There was no major difference
gens, LN cells from CD40L2/2 mice produced no measur-
in mRNA levels for IFNg, IL-4, and IL-2 between the two
able levels of IFNg or LT±TNF at 8 weeks postinfection,
groups of mice before the infection (data not shown).as compared with those cells from the wild-type mice
At 8 weeks postinfection, although the levels of HPRT(Figure 3). However, when stimulated with concanavalin
mRNA were comparable, there was an approximatelyA (ConA), T cells from infected CD40L2/2 mice produced
10-fold reduction in IFNg mRNA and a 6-fold increase incomparable levels of IFNg and LT±TNF, and proliferated
IL-4 mRNA in cells from CD40L2/2 mice, when comparednormally, as compared with cells from infected control
with those cells from the wild-type mice (Figure 4). Theremice (data not shown). These data indicate that as re-
was no significant (more than 2-fold) difference in theported previously (Grewal et al., 1995; Xu et al., 1994),
levels of IL-2 mRNA in cells from wild-type and CD40L2/2T cells from Leishmania-infected CD40L2/2 mice are not
mice.intrinsically defective in their ability to respond to mito-
To determine further whether CD40±CD40L interac-gens. It is noteworthy that LN cells from either wild-type
tions are required for the generation of a protective im-or CD40L2/2 mice failed to secrete detectable interleu-
mune response, groups of 7±8 mice were immunizedkin-4 (IL-4), as measured by enzyme-linked immunosor-
bent assay (ELISA), at any time during the course of with Corynebacterium parvum (C. parvum) together with
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Figure 4. In Vivo Expression of Lymphokine Transcripts in the Drain-
ing LN Cells from Wild-Type and CD40L2/2 Mice
LNs were harvested from groups of 2±3 wild-type or CD40L2/2 mice
at 8 weeks postinfection. The total RNA was isolated immediately.
After reverse transcription from equivalent amounts of total RNA, a
competitive PCR assay was performed using cDNAs and various
concentrations of the polycompetitor construct (pQRS) containing
sequences for IFNg, IL-4, IL-2, and HPRT. In each reaction, lanes
1 and 7 contained 1.8 ng/ml of the plasmid pQRS and the following
lanes contained serial 2-fold dilutions of pQRS. The amplification
products from all samples (lower bands in each lane) were separated
from amplified competitor sequences (upper bands) in ethidium
bromide±stained agarose gels. The comparison between amplifed
products from control plasmids and from samples is based upon
the overall intensity. DNA MW makers (100 bp ladder, GIBCO) are
shown from 100±600 bp.
P8, a surface membrane-associated antigen that is ex-
pressed predominantly by the amastigote stage of L.
pifanoi and L. amazonensis. The mice were challenged
3 weeks after the last immunization with 1 3 105 promas-
tigotes of L. amazonensis. As compared with the control
mice given adjuvant alone, P8-immunized wild-type
mice showed a slower onset of lesion development (Fig-
ure 5A) and a 1000-fold reduction in lesion parasite bur-
den at 11 weeks postinfection (Figure 5C). In contrast,
there was no significant difference in terms of lesion
development and tissue parasite burden in P8-immu- Figure 5. P8-Immunized CD40L2/2 Mice Are Not Protected against
Challenge with L. amazonensisnized CD40L2/2 mice, when compared with the knock-
Groups of 8 wild-type (A) or CD40L2/2 mice (B) were immunized byout mice given adjuvant alone (Figures 5B, 5C).
three intraperitoneal injections of purified P8 plus C. parvum (closed
symbols). Control groups were immunized similarly with C. parvum
Macrophages from Infected CD40L2/2 Mice (open symbols) alone. The mice were challenged 3 weeks after
Produce Low Levels of NO the last immunization with 105 late-log phase promastigotes of L.
amazonensis in the right hind foot. The course of infection wasNO produced by activated MFs has been implicated as
monitored by measuring footpad swelling, as indicated in Figure 1.one of the effector molecules involved in killing intracel-
Asterisk, indicates lesions with surface ulceration. (C) At 8 and 11lular Leishmania parasites (Liew et al., 1990). Thus, mice
weeks postinfection, 4 mice from eachgroup weresacrificed. Lesion
lacking inducible NO synthase show significantly en- parasite burdens were determined using a limiting dilution assay
hanced susceptibility to Leishmania infection (Wei et al., and are expressed as numbers of parasites (in log scale) per gram
1995). In an attempt to define the potential mechanism of foot tissue. Values represent the mean from each group.
underlying enhanced parasite growth in CD40L2/2 mice
during the infection, we prepared peritoneal MFsand LN
cells from 12±13 weeks infected wild-type and CD40L2/2 respectively. MFs from infected wild-type mice pro-
duced significant levels of nitrite when cocultured withmice, and cocultured these cells in the presence or ab-
sence of parasite lysates for 72 hr. Nitrite (as a measure LN cells from wild-type mice that were activated with
parasite lysates (Figure 6). Surprisingly, under the sameof NO) and IFNg production in culture supernatants were
measured as an indication of MF or T cell activation, culture conditions, MFs from infected CD40L2/2 mice
Immunity
268
Figure 6. Impaired Nitrite Production in MFs from Infected
CD40L2/2 Mice
At 13 weeks postinfection, peritoneal MFs from groups of two in-
fected wild-type (closed bars) or CD40L2/2 mice (open bars) were
collected and cocultured in 24-well plates (5 3 105 cells/ml/well)
with 7 3 105 draining LN cells from either wild-type or CD40L2/2 Figure 7. MFs from Naive CD40L2/2 Mice Are Not Defective in Ni-
mice in the presence of indicated concentrations of parasite lysates. trite Production and B7-2 Expression
Culture supernatants were collected after 72 hr. Nitrite concentra- Peritoneal MFs from 3±4 naive wild-type (closed symbols) and
tion was measured using the Griess reaction and calculated by CD40L2/2 mice (open symbols) were collected and cultured for 48
comparison to NaNO2 as a standard. Shown is one of two similar hr in 96-well plate (1 3 105 cells/well) in the presence or absence
experiments. of different concentrations and combinations of rIFNg and LPS (A)
or rIFNg and rTNFa (B). The supernatants were collected and nitrite
concentration was determined as indicated in Figure 6. There wasfailed toproduce nitrite, even when coculturedwith wild-
no measurable level of nitrite in supernatants from cells culured intype LN cells. However, rIFNg plus lipopolysaccharide
medium alone, and no significant level in cells cultured with 0.1±100(LPS) induced similar NO responses in MFs from in-
U/ml of rIFNg alone (data not shown). Similar patterns of nitrite
fected wild-type and CD40L2/2 mice (data not shown). production were observed in thioglycollate-induced peritoneal MFs
Further analysis revealed that in thepresence of parasite and bone marrow±derived MFs (data not shown). Peritoneal MFs
lysates, comparable levels of IFNg (0.8±1.0 ng/ml) were from wild-type (C) and CD40L2/2 (D) mice were kept on ice or incu-
bated with LPS for 18 hr. Cells were collected and stained as inproduced by wild-type LN cells cocultured with MFs
Experimental Procedures.One-color profiles of PE andFITC stainingeither from infected wild-type or CD40L2/2 mice.
were generated by gating on FITC±MAC-11 cells. Thin and thickSince the nitrite production in MFs from chronically
lines represent cells stained with the control or anti-B7-2 antibodies,
infected CD40L2/2 mice cannot be ªrescuedº by wild- respectively.
type T cells, we further tested whether the differential
induction of NO by wild-type and CD40L2/2 mice was
due to an abnormality in the MF compartment in the
parasite antigens. Culture supernatants were collectedknockout mice. To test this, we collected resident thio-
at 24±72 hr to measure nitrite and IL-12 p40. We foundglycollate-induced peritoneal MFs, or bone marrow±
that MFs from immunized CD40L2/2 mice were capablederived MFs from naive (uninfected) wild-type or
of producing comparable levels of nitrite, as comparedCD40L2/2 mice and stimulated these MFs with different
with wild-type MFs, when cocultured with LN cells fromconcentrations and combinations of rIFNg, rTNFa, and
wild-type mice. LN cells from immunized CD40L2/2LPS. Using naive MFs from both types of mice, we
mice, however, failed to produce IFNg and to inducedid not observe significant differences in NO responses
MFs from both types of mice to produce nitrite (data(Figures 7A, 7B). We also measured the expression of
not shown). Under the same experimental conditions,costimulatory molecules on MFs, since this may play a
when cocultured with LN cells from either wild-type orrole in the activation of leishmanial-specific T cells and
CD40L2/2 mice, MFs from both types of mice producedthe induction of IL-12. This cytokine has been reported
comparable levels of IL-12 p40 (in average 276.8 pg/mlto increase resistance to infections caused by several
of IL-12 p40; approximately 4.5-fold higher than MFsintracellular pathogens, including L. major and L. dono-
cultured in medium or with parasite lysates alone). Thevani (Afonso et al., 1994; Murray and Hariprashad, 1995).
similar patterns of nitrite and IL-12 production were ob-However, we found that after stimulation with LPS, there
served in peritoneal MFs from wild-type and CD40L2/2was no major difference in the induction of the experes-
that were infected in the hind foot with 1 3 106 L. amazo-sion of B7-2 costimulatory molecule and the production
nensis promastigotes for 2 weeks (to activate T cells)of IL-12 p40 by MFs from either naive wild-type or
and then intraperitoneally with 5 3 107 parasites for 24CD40L2/2 mice (Figures 7C, 7D; data not shown). These
hr (to infect MFs in vivo) (data not shown) (Vieira et al.,data suggest that there is no intrinsic abnormality in the
1994).MF compartment in naive CD40L2/2 mice. To analyze
further the responsiveness of MFs from CD40L2/2 mice
Discussionduring the immunization and infection, peritoneal MFs
were collected from parasite lysate-immunized wild-
The CD40±CD40L complex has been shown to be criti-type or CD40L2/2 mice (4 per group). These MFs were
cally important for cell±cell interactions in the immunecocultured with draining LN cells from immunized wild-
type or CD40L2/2 mice, in the presence or absence of system. Thus, lack of CD40L expression on CD41 T cells
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may interfere with normal T±APC interactions, lympho- addition, these data suggest that, as in the case for
humoral immunity, help by CD41 T cells for the cell-kine secretion, and lymphokine receptor expression. In-
deed, studies in mice and humans indicate the impor- mediated immunity is also dependent on CD40±CD40L
interactions. Our recent study employing CD40L2/2 micetance of the CD40±CD40L interaction in the generation
of humoral responses (Laman et al., 1994; van Essen et has shown that CD40L is required for efficient antigen-
specific CD41 T cell priming in vivo (Grewal et al., 1995).al., 1995; Xu et al., 1994), in the priming and activation
of antigen-specific T cells (Cayabyab et al.,1994; Grewal Overall, it is therefore likely that the deficient T cell re-
sponse to L. amazonensis infection in the CD40L2/2et al., 1995), as well as in the temporal activation of MFs
in vitro (Shu et al., 1995; Stout et al., 1996). In this study, mice is at least partially responsible for the enhanced
susceptibility to this parasite.we have used an in vivo analysis of CD40L2/2 mice to
investigate the role of CD40±CD40L interactions in the Evidence from experimental leishmaniasis suggests
that different immune mechanisms may regulate thecontrol of a murine cutaneous leishmaniasis and in the
generation of parasite-specific immune responses. susceptibility to L. major infection in BALB/c mice and
the susceptibility to L. amazonensis infection in C57BL/These data significantly extend previous observations
in vitro and confirm the importance of the cognate T±MF 10 mice (Afonsoand Scott, 1993). Both L. major±infected
BALB/c mice and L. amazonensis±infected C57BL/10interaction via the CD40±CD40L pathway in the control
of infectious diseases. mice produce low levels or no IFNg. In contrast with
infected BALB/c mice that produce high levels of IL-4After infection with L. amazonensis, the course of dis-
ease in wild-type and CD40L2/2 mice differed in several (Chatelain et al., 1992), infected C57BL/10 mice produce
only low levels of IL-4 during the first few weeks ofaspects. Although wild-type mice developed ulcerative
lesions and increased parasite burdens at the site of infection (Afonso and Scott, 1993). Thus, it has been
postulated that susceptibility to L. amazonensis infec-inoculation (Figures 1 and 2), they were capable of elimi-
nating parasites in the draining LN and preventing dis- tion in C57BL/10 mice is due to an inadequate Th1 cell
response, rather than to an enhanced Th2 cell responsesemination of parasites to the spleen (Table 1). In com-
parison, lesions in CD40L2/2 mice progressed slowly at (Afonso and Scott, 1993). Consistent with this sugges-
tion, we also observed a reduction of IFNg and LT±TNFearly stages of the infection but continued increasing in
size, as the disease progressed. At late stages of the but an increased level of IL-4 mRNA in draining LN cells
from L. amazonensis±infected CD40L2/2 mice. How-infection, lesions in wild-type mice looked smaller due
to surface ulceration and collapse. The lack of tissue ever, in LN cells from both infected wild-type and
CD40L2/2 mice, no detectable IL-4 was measured bynecrosis/ulceration but evidence of inflammatory cells
and increased parasite burden in the lesions of ELISA at anytime during the couse of infection. Although
the failure to detect IL-4 in culture supernatants mayCD40L2/2 mice suggest that the tissue damage ob-
served in wild-type mice was secondary to inflammatory simply reflect the limit of detection by ELISA, the lack
of serum IgE in the CD40L2/2 mice further suggestscytokine production by infiltrating cells rather than by a
direct parasite action. Indeed, we found that significant that an increased production of IL-4 is probably not
contributing to the enhanced susceptibility observed inlevels of IFNg and LT±TNF were produced in LN cells
from infected wild-type mice (Figures 3 and 6). These these mice. Thus, our study suggests that a diminished
Th1 cell response is responsible for the enhanced sus-cellular immune responses, although insufficient to con-
trolparasite growth at thesite of inoculation in thegenet- ceptibility to L. amazonensis infection in CD40L2/2 mice.
MFs have been shown to play multiple roles in Leish-ically susceptible wild-type mice, are sufficient to pre-
vent dissemination of parasites (Afonso and Scott, mania infections. They act as target cells for parasite
replication, as APCs that process and present parasite1993). High tissue parasite burdens (in the footpad, LN,
and spleen) and diminished production of cytokines in antigens, and as effector cells that are capable of elimi-
nating intracellular parasites (Liew et al., 1990; Prinacells from infected CD40L2/2 mice indicate an essential
role for CD40L in the generation of cellular immune re- et al., 1993). Thus, differences in the function of MFs
influence the disease process (Green et al., 1990; Sun-sponses against infection by an intracellular parasite.
This conclusion is further supported by the observation derkotter et al., 1993). It has been demonstrated that
CD40 is expressed on MFs (Alderson et al., 1993) andthat a protective immune response against subsequent
challenge with parasites was only generated in P8-im- that CD40L on activated CD41 T cells can induce MFs to
synthesize cytokines (IL-1, TNF, and IL-12) via a cognatemunized wild-type mice, but not in similarly immunized
CD40L2/2 mice (Figure 5). interaction and act synergistically with IFNg to substan-
tially enhance MF activation, including the productionThe defect in cellular immune responses in CD40L2/2
mice during Leishmania infection is specific for parasite of NO (Shu et al., 1995; Stout et al., 1996; Tian et al.,
1995; Wagner et al., 1994). DuringLeishmania infections,antigens. Compared with cells from wild-type mice, T
cells from infected CD40L2/2 mice proliferated poorly the production of relatively large amounts of reactive
nitrogen intermediates by MFs is considered to be oneto parasite antigens and failed to produce measurable
levels of IFNg and LT±TNF in vitro. However, cells from of the major effector mechanisms against intracellular
parasites (Green et al., 1990; Liew et al., 1990; Wei etboth naive and infected CD40L2/2 mice proliferate nor-
mally in response to polyclonal activators in vitro al., 1995). In addition, the administration of IL-12, a proin-
flammatory cytokine produced mostly by MFs, and to(Grewal et al., 1995; Xu et al., 1994) and can be stimu-
lated with ConA to produce comparable levels of IFNg some degree by B lymphocytes, has been shown to
increase resistance in mice to Leishmania infectionsand LT±TNF (data not shown). These data indicate that
T cells from CD40L2/2 mice do not have an intrinsic (Afonso et al., 1994; Heinzel et al., 1993; Murray and
Hariprashad, 1995).Given that there isa diminished IFNgdefect in their ability to respond to these stimuli. In
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and LT±TNF production as well as a defective signaling has reached its peak, suggesting that a heavy parasitic
via the CD40±CD40L pathway in CD40L2/2 mice, we load could be involved in the induction of this phenome-
speculated that there is a down-regulation of MF activity non (Howard et al., 1980). In addition, there is evidence
in these mice and that this MF dysfunction may contrib- of selective impairmentof MF signal transduction during
ute to enhanced susceptibility of the CD40L2/2 mice to Leishmania infections (Moore et al., 1993). Whatever
L. amazonensis infection. This hypothesis is supported mechanism is operative in this system, it is clear that
by histopathologic studies in which tissue MFs in the CD40±CD40L pathway plays an important role in the
CD40L2/2 mice showed a poor epithelioid differentiation regulation of T cell and MF functions in the Leishmania-
and more intracellular parasites per cell (Figure 2B), and infected host.
by a significant reduction in NO production when MFs In summary, we have demonstrated that mice lacking
from infected CD40L2/2 mice were cocultured with LN costimulatory signals from CD40L are more susceptible
cells from either infected wild-type or CD40L2/2 mice to L. amazonensis infection, and have provided evi-
(Figure 6). Nonetheless, analysis using MFs from naive dence that defects in T cell and MF activation are re-
CD40L2/2 mice indicates that these cells respond nor- sponsible for the enhanced susceptibility in CD40L2/2
mally in terms of theproduction of NO and IL-12 p40 and mice. More importantly, this study confirms the crucial
the expression of the B7-2 molecule when stimulated role of cognate interactions between CD41 T cells and
in vitro with MF-activating stimuli (Figure 7; data not MFs via the CD40±CD40L costimulatory pathway in the
shown). However, the possibility of a down-regulation control of a cutaneousLeishmania infection. Information
of B7 and other costimulatory molecules in infected learned from this study also provides clues that poten-
CD40L2/2 mice cannot be ruled out (Wu et al., 1995). tially aid in our understanding of the susceptibility of
During the infection and after immunization, it is consis- hyper-IgM syndrome patients to cryptosporidial and
tent that the production of NO, but not the production pneumocystis infections.
of IL-12, in MFs from CD40L2/2 mice is significantly
reduced when these MFs are cocultured with LN cells Experimental Procedures
from either infected or immunized CD40L2/2 mice.
Therefore, we believe that the defect in NO production Animals
is the major mechanism responsible for the enhanced CD40L gene-deleted mice (CD40L2/2) and control wild-type mice
(CD40L1/1) were generated on C57BL/6J 3 129SV/J (H-2b) micesusceptibility of CD40L2/2 mice to L. amazonensis infec-
as previously reported (Xu et al., 1994). The mice were bred andtion, whereas the production of IL-12 is not responsible
maintained in animal facilities at the Section of Immunobiology andfor this, presumably because this strain of parasite is
the Departmentof Epidemiology and PublicHealth at Yale Universityable to prevent IL-12 production even in the wild-type
School of Medicine, underpathogen-free conditions using microiso-
mice (L. S. et al, unpublished data). lator cages and sterile workbenches. All experiments were initiated
Based upon these observations, our view is that, as with 6- to 8-week-old mice.
with B cells from hyper-IgM syndrome patients (Farring-
ton et al., 1994; Ochs et al., 1994), MFs from CD40L2/2 Leishmania Parasites and Antigens
L. amazonensis (MHOM/BR/77/LTB0016) promastigotes weremice can mature into functional effector cells if the ap-
grown at 238C in complete Schneider's Drosophila medium supple-propriate signals are provided. Specifically, these MFs
mented with 20% fetal bovine serum (FBS; GIBCO BRL, Grand Is-neither have an extrinsically conferred abnormality due
land, New York). Parasite infectivity was maintained by regular pas-to the lack of CD40L stimulus during development nor
sage through BALB/c mice. Low passage promastigotes were
an intrinsic abnormality in the MF compartment due to harvested in late-log phase, washed, and used for infection. To
the targeting construct. Thus, two hypotheses might obtain a crude antigen preparation from L. amazonensis promasti-
explain the failure by wild-type T cells to rescue MFs gotes, parasites werewashed with phosphate-buffered saline (PBS),
adjusted to 1 3 107 organisms per ml, and subjected to five cyclesfrom infected CD40L2/2 mice to produce NO. First, MFs
of freeze-and-thaw. Antigens were kept at 2708C until used. Forfrom infected CD40L2/2 mice may have been less than
parasite-specific ELISA analyses, parasite antigens were sonicatedoptimally primed in vivo due to an inadequate T cell
in PBS using a Branson 1200 Sonicator (Danbury, Connecticut). P8
contact or an altered endogenous cytokine milieu, or antigen was purified from axenically cultured L. pifanoi amastigotes
both. It has been shown that the induction of exacerbat- (Soong et al., 1995), using affinity columns that were conjugated with
ing or MF-inactivating cytokines (such as IL-10 or trans- a specific monoclonal antibody (Pan and McMahon-Pratt, 1988).
forming growth factor-b) during in vivo and in vitro infec-
tion with Leishmania, can block IFNg-induced MF Antibodies and Reagents
Fluorescein (FITC)- and biotin-labeled anti-mouse Ly-5 (B220) wereactivation and inhibit MF oxidative responses and,
obtained from Caltag (South San Francisco, California). Phycoer-therefore, the ability of MFs to eliminate intracellular
ythrin (PE)±goat anti-rat IgG, PE±anti-mouse CD3, biotin±anti-mouseparasites (Barral-Netto et al., 1992; Ding et al., 1990;
IL-4 (BVD6-24G2), FITC±anti-MAC-1a (CD11b), anti-B7-2 (GL1), and
Nelson et al., 1991). Thus, when MFs from infected anti-mouse IL-2 (JES6-1A12) werepurchased from PharMingen (San
CD40L2/2 mice were cocultured with antigen-activated Diego, California). Anti-CD4 (GK 1.5) and anti-CD8 (53-6.72) were
wild-type T cells, they failed to produce NO. Alterna- prepared by HPLC purification of ascites fluid (Xu et al., 1994).
tively, theselectively high parasite burden in the draining Protein G±purified anti-IL-4 (BVD4-1D11) and anti-CD3 (YCD3-1)
were prepared from culture supernatants (American Type CultureLN and the dissemination of parasites to the spleen of
Collection, Baltimore, Maryland). Murine rIL-12 was provided by Dr.CD40L2/2 mice may have a systemic suppressive influ-
S. Wolf of the Genetics Institute (Cambridge, Massachusetts), andence on the response of MFs to stimuli. The pathogen-
anti-IL-12 monoclonal antibody (15.1.2 and 15.6.5) were provided
specific suppressive activities have been demonstrated by Dr. F. Heinzel (the VeteransAdministration Medical Center, Cleve-
in experimental leishmaniasis and leprosy (Arredondo land, Ohio). Normal goat serum, mouse IgG, ConA, and LPS were
and Perez, 1979; Preston, 1979). These suppressive ac- from Sigma (St. Louis, Illinois). Materials used in cell culture were
from GIBCO BRL unless otherwise specified. Reagents used in RT±tivities are maximally generated when the size of lesions
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PCR were purchased from Perkin-Elmer (Branchburg, New Jersey) ml of promastigote lysates (5 3 105 parasite equivalents/ml) were
added. In some cases, cells were stimulated with 5 mg/ml of ConA.and the competitor pPQRS plasmid was provided by Drs. S. Reiner
and R. Locksley (University of California, San Francisco, California). The plates were cultured with or without antigen for 3 days at 378C
before the addition of 1 mCi [3H]thymidine (New England Nuclear,
Boston, Massachusetts). After 18 hr of incubation, cells were har-Immunization of Mice and Evaluation of Infection
vested onto filters and radioactivities were measured using a liquidMice were infected subcutaneously in the right hind foot with 2 3
scintillation counter.106 late-log phase of L. amazonensis promastigotes. In some experi-
ments, wild-type and CD40L2/2 mice (7±8 per group) were immu-
nized by three intraperitoneal injections at weekly intervals, each Cytokine Production and Measurement
with 5 mg of P8 plus 100 mg of the adjuvant C. parvum (Wellcome LN cells were adjusted to a concentration of 1 3 106/ml in complete
Research Laboratories, Research Triangle Park, North Carolina). IMDM medium and plated at 2 ml per well in 24-well tissue culture
Mice receiving PBS or 100 mg of adjuvant alone served as controls. plates (Corning). Cells were stimulated with 50 ml of promastigote
Mice were challenged 3 weeks after the last immunization in the lysates (1±50 3 105 parasite equivalents/ml). Supernatants were
right hindfoot with 105 late-log phase of L. amazonensis promasti- harvested after 24, 48, and 72 hr and kept at 2208C until assayed.
gotes. The course of infection was monitored by measuring the IFNg, IL-4, and IL-12 p40 levels in the supernatants were measured
increase in footpad thickness, as compared with the uninfected left by double sandwich ELISA (Heinzel et al., 1994; Soong et al., 1995).
footpad, using a dial gauge caliper. At designated periods, mice The sensitivities of the IFNg, IL-4, and IL-12 p40 assays are 0.35
were sacrificed to determine parasite burdens in the foot, popliteal ng/ml, 1.5 U/ml, and 84 pg/ml, respectively. LT±TNF activities in the
LN draining the site of infection, and in the spleen (Soong et al., supernatants were measured by a cytotoxicity assay using WEHI
1995). In brief, 10-fold serial dilutions of foot tissue homogenates 164 cells as described (Ruddle et al., 1990). The highest dilution
or single cell suspensions of LN or spleen were made in complete that yields 50% cytotoxicity is defined as one LT±TNF unit. The
Schneider's medium. Aliquots of 100 ml of each serial dilution were sensitivity of the assay is 2 U/ml.
added to 16 replicate wells in 96-well plates (Corning, New York).
The cultures were incubated at 238C for 10 days and scored under
Cytokine RT±PCRan inverted microscope. A well was considered to be positive when
To measure in vivo cytokine transcripts before and at differentmotile organisms were observed. Data were analyzed using a modi-
stages after infection, popliteal LN draining the site of infection wasfied computer program originally designed by Taswell (1981).
collected from groups of 2±3 mice. Total RNA was immediately
isolated using a Micro RNA Isolation Kit (Stratagene, La Jolla, Cali-
Histopathology and Immunohistochemistry
fornia). The first-strand of cDNAs were synthesized from 2.5±5.0 mg
Foot tissues from groups of 2±7 mice were collected at indicated
of total RNA using a cDNA Cycle Kit (Invitrogen Corporation, San
weeks postinfection and decalcified for 1 hr. The draining LN and
Diego, California) and were amplified using a GeneAmp Kit in thedecalcified foot tissues were fixed in a formalin solution and embed-
presence of various concentrations of the competitor plasmid pQRSded in paraffin. Tissue sections were stained with hematoxylin and
and synthesized primers (Reiner et al., 1993). Cycling conditionseosin. For immunohistochemical staining, foot tissues were fixed in
were 958C for 3 min, followed by 35 cycles at 958C for 1 min, 558C2% paraformaldehyde plus 5% sucrose in PBS at 48C overnight,
for 1 min, and 728C for 1 min. The reaction mixtures were resolved
then in 20% sucrose in PBS for 8 hr prior to freezing in OCT com-
on ethidium bromide±agarose gels (2%). The levels of hypoxan-
pound (Miles, Elkhart, Indiana). Frozen tissue sections (5 mm thick)
thine±guanine phosphoribosyltransferase (HPRT) transcripts were
were prepared as described (Barten and Ruddle, 1994), blocked
used as controls.
with 5% goat serum, and then incubated with rat anti-mouse CD3
followed by biotin-labeled goat anti-rat immunoglobulin, or incu-
MF Culture and NO Measurementbated with biotin-labeled rat anti-B220. Color development was per-
Peritoneal exudate cells were collected from groups of 2±4 naiveformed using avidin±horseradish peroxidase provided in a Vectas-
or infected mice by intraperitoneal injection of 5 ml of 3% FBS±PBS.tain ABC Kit (Vector Laboratories, Incorporated, Burlingame,
To obtain inflammatory MFs, peritoneal exudate cells were col-California), as suggested by the manufacturer. At least two sections
lected 4 days after intraperitoneal injection of 3% thioglycollate.per animal and four fields per section were evaluated for each pri-
Bone marrow±derived MFs were prepared from the femora andmary antibody. No significant staining was observed in the absence
cultured at 378Cfor 6 days incomplete IMDM medium supplementedof primary antibodies. Data are expressed as percentages of posi-
with 20% (v/v) serum-free supernatant from L-929 cells as a sourcetively stained cells per field, and counts include all nucleated cells.
of macrophage colony-stimulating factor. To measure NO re-
sponses in MFs from naive mice, MFs (resident, inflammatory, orAntibody Measurement
bone marrow-derived) were cultured in 96-well plates (1 3 105 cells/Sera were collected at different times after the infection to measure
0.1 ml/well) for 3 hr, washed, and stimulated with a 10-fold serialparasite-specific antibodies by ELISA. In brief, polystyrene microti-
dilutions and combinations of murine rIFNg (GIBCO), rTNFa, andter plates (Nunc, Incorporated, Naperville, Illinois) were coated with
LPS (Sigma) at 378C for 48 hr. In coculture experiments, peritoneal50 ml of sonicated L. amazonensis promastigote antigens (50 mg/
exudate cells from infected mice were first incubated in 24-wellml in NaHCO3/Na2CO3 coating buffer [pH 9.6]), at 48C overnight. After
plates (5 3 105 cells/ml/well) in a complete IMDM medium at 378Cwashing with 1% FBS±PBS and blocked with 5% FBS±PBS, 2-fold
for 3 hr. After four washes with prewarmed medium, adherent MFsserial dilutions of mouse sera (50 ml) were added and incubated at
were cultured with 7 3 105 draining LN cells from either infected378C for 1 hr. After washing, 50 ml of 1:10 diluted subclass-specific
wild-type or CD40L2/2 mice in the presence of indicated concentra-goat anti-mouse immunoglobulin±POD conjugates from a mouse-
tions of parasite lysates. These LN cells were precultured (1 3 106hybridoma subtyping kit (Boehringer Mannheim Corporation, India-
cells/ml) at 378C for 3 hr to remove adherent cells. Culture superna-napolis, Indiana) were added and incubated at 378C for 1 hr. The
tants were collected after 48±72 hr of coculture and assayed forreactions were developed according to the manufacturer's recom-
nitrite and IFNg production. Nitrite concentration was measuredmendation. Total serum IgE was measured as described (Finkelman
using a Cayman nitrate/nitrite assay kit (Alexis Corporation, Sanet al., 1987), using reagents provided by Dr. K. Bottomly (Yale Univer-
Diego, California) and NaNO2 as a standard.sity School of Medicine).
Proliferation Assays Flow Cytometric Analysis
All antibodies werepretitrated andused at saturating concentrationsSingle LN cell suspensions were prepared in Iscove's modified Dul-
becco's medium (IMDM) supplemented with 10% FBS, 5 3 1025 M for flow cytometric studies; staining procedures were performed on
ice. Single spleen-cell suspensions were prepared from 2 mice per2-mercaptoethanol (Sigma), 50 mg/ml gentamicin, 100 U/ml penicil-
lin, and 100 mg/ml streptomycin sulfate. To measure the response group at different stages of the infection. After lysis of red blood
cells, cells were washed and stained with anti-B220±FITC, anti-of T cells to leishmanial antigens, 5 3 105/ml cells (100 ml) were
dispensed into 96-well tissue culture plates in triplicates. Then, 50 CD3±PE, anti-CD4±FITC, or anti-CD8±FITC for 30 min. Cells were
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washed, fixed in PBS containing 1% paraformaldehyde, and ana- Srimal, S. (1990). Macrophage deactivation factor and transforming
growth factors-b1, b2, and b3 inhibit induction of macrophage nitro-lyzed on a Becton Dickinson FACS 440 flow cytometer. To stain the
B7-2 molecule on peritoneal MFs, cells were cultured at 378C for gen oxide synthesis by IFNg. J. Immunol. 145, 940±944.
18 hr in 6-well culture plates (1 3 106 cells/ml/well) in the presence Farrington, M., Grosmaire, L.S., Nonoyama,S., Fischer, S.H., Hollen-
or absence of 15 mg/ml LPS or 100 U/ml rIFNg as described (Hath- baugh, D., Ledbetter, J.A., Noelle, R.J., Aruffo, A., and Ochs, H.D.
cock et al., 1994). Adherent MFs were collected, blocked with 10% (1994). CD40 ligand expression is defective in a subset of patients
goat serum±PBS, and incubated with anti-B7-2 or anti-IL-2 (isotype with common variable immunodeficiency. Proc.Natl. Acad. Sci. USA
control) for 15 min. Uncultured cells (kept on ice) were stained simul- 91, 1099±1103.
taneously and served as controls. Cells were washed and incubated
Finkelman, F.D., Snapper, C.M., Mountz, J.D., and Katona, I.M.with PE-labeled goat anti-rat IgG for 15 min. After blocking with
(1987). Polyclonal activation of the murine immune system by a goatmouse IgG, cells were incubated with FITC-labeled anti-MAC-1 for
antibody to mouse IgD. IX. Induction of a polyclonal IgE response.15 min. Cells were washed and analyzed within 2 hr. One-color
J. Immunol. 138, 2826±2830.profiles of PE and FITC staining were generated by electronically
Green, S.J., Meltzer, M.S., Hibbs, J.B., Jr., and Nacy, C.A. (1990).gating on MAC-11 MFs.
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